Summary. Human faeces hydrolysed synthetic P-D-glucuronides of both p-nitrophenol and phenolphthalein. The origin of this activity in faeces was localised in the bacterial pellet fraction after centrifugation. Ninety-seven bacterial strains with P-glucuronidase activity isolated from fresh human faeces were identified as species of Bacteroides, Peptostreptococcus, Fusobacterium, Propionibacterium, Clostridium, Eubacteriurn and Bijidobacterium. They were classified into two groups according to their activity against two synthetic P-D-glucuronides. One group hydrolysed p-nitrophenyl glucuronide and phenolphthalein glucuronide to the same extent and the other hydrolysed p-nitrophenyl glucuronide much more strongly than phenolphthalein glucuronide. The bile of rats given benzo(a)pyrene by mouth was tested for mutagenicity in the presence and absence of cell-free extracts of human faeces and bacteria. Extracts of P-glucuronidase-positive bacteria increased the mutagenicity of metabolites of benzo(a)pyrene, as did faecal extracts, but extracts of P-glucuronidasenegative bacteria did not. D-Saccharic acid-1,4-1actone inhibited the increase in mutagenicity produced by the faecal extracts and extracts of P-glucuronidase-positive bacteria except for Peptostreptococcus strains 204 and 952. These results indicate that some intestinal bacteria have P-glucuronidases heterogenous in substrate specificity and that they may be involved in mutagenicity of benzo(a)pyrene in the intestinal tract.
Introduction
The intestinal tract has a large surface area and is constantly exposed to external influences including intestinal bacteria and their products. Epidemiological studies have shown that the incidence of colon cancer is higher in populations taking a Western diet, high in meat and fat and low in fibre. Although the effect of diet on intestinal bacteria is much more complex, it is known that high-meat or high-fat diets elevate /I-glucuronidase activity in the intestinal contents and faeces (Reddy and Wynder, 1973; Reddy et al., 1974 Reddy et al., , 1977 Reddy et al., and 1980 Goldin and Gorbach, 1976; Goldin et al., 1980) . Some investigators therefore believe that P-glucuronidase in the intestinal tract is responsible for the hydrolysis of carcinogenic glucuronides, with resulting colon carcinogenesis (Bresnick, 1980) . Kinoshita and Gelboin (1978) have demonstrated that P-glucuronidase produces activated inter-mediates that bind to DNA during hydrolysis of benzo(a)pyrene-3-glucuronide. We have also found that P-glucuronidases in human faeces and some intestinal bacteria may be involved in the mutagenic activation of biliary metabolites of 1 -nitropyrene (Morotomi et al., 1985) . These results suggest that knowledge of the action of intestinal bacterial P-glucuronidases is necessary to assess the role of intestinal bacteria in colon carcinogenesis. We therefore investigated the ability of P-glucuronidase-positive bacteria isolated from human faeces to convert, in vitro, non-mutagenic metabolites of benzo(a)pyrene excreted into bile to mutagenic forms.
Materials and methods

Collection and processing of faeces
Samples of faeces from 22 healthy male adults taking a diet ad libitum were collected immediately after defaecation and transported to the laboratory for processing in strictly anaerobic conditions. One gram of each sample was transferred to 9 ml of anaerobic diluent (Azuma and M. NANNO ET A L Suto. 1970) under oxygen-frec C 0 2 . thoroughly mixed, and further diluted with the anacrobic diluent. A suitably diluted \ample wa5 separated into two parts. One part was uced to a s a y /&glucuronidasc activity and the other lhr isolation of P-glucuronidase-positive bacteria. Faeces diluted lOh-l'o1d (0. I mi) wcrc cultivated anaerobically in it VI,-C; roll tube (Azuttln and Sutc). 1970) or on a C A M pidtc (Nissui Pharmaceutical co. Ltd. Japan) for 2 or 3 days. Colonies were selected at random and transferred into VL-G broth or GAM broth and, when fully grown.
their /~-glucuronidase activity was assayed. The identification of /I-~lucuronidasc-positive bacteria was based on inorphologq. sensitivity to oxygen. and amounts of colatilc ,mi non-\olatile fattj acids produccd (Holdeman c! 611.. 1977) To determine the number of /;l-glucuronie-positive bacteria in faece5. samples of facces from four SUbJt'Ctb were diluted serially and grown in the medium of' Morotomi cr (11 ( I98 1 ) When the inoculated bacteria had grown l'ull~, the /$-glucuronidase activity of each culture was assayed /K;lucuronidase activity was assayed with synthetic /i-i)-glucuronides as substrates (Goldin and Gorbach, 1976) T hc reaction was started by adding 0. I ml of dilute t w c s or bactcrial culture to 0.9 ml of a reaction mixture containing 0 1 mbf EDTA and 1 m w p-nitrophenyl-/&D-glucuronide (Nakarai Chemicals I-td. Japan) or phenolphlhalein glucuronic acid (Sigma, St Louis, MO, t SA) in 29 mu potassium-phosphate buffer (pH 6-8).
Al'tcr incubation for 30min it h. 2.5 nil of 0 23 M glycine3aOI-1 buft'er containing 0-23 M NaCI {pH 10-4) was added to the reaction mixture. which was then ccntrifuFcd a t 1OOO(g for 3Ornin and thc absorbance of thc supernatc at 400 nm (for p-nitrophenol) or 540 nm (for phenolphthalein) was measured. To determine the distribution of /bglucuronidases in faeces, dilute faeces was ccntrifugcd at 10009 for 30 mln and /hgiucuronidase activity of pellet and supurnatc werc assayed separately. One unit (1U) was defined as the activity required to relcasc I nmol of'p-nitrophcnol or phenolphthalein in 1 h. Frcsh f;icccs from healthy male adults were homogeniced with 4 volumes of cold 0.1 M potassiumphosphate buflcr (pH 6.0) and sonicatcd for I min with ;in Illtrasonic Disruptor (Model UR-ZOOP, Tomy Seiko C'o Lld. Japan). Thc supcrnate after centrifugation at IOOOOq for 30 min was sterilised by filtration through a 0 4 5 -p i rncmbrane (Millipore Corp., Redford. MA, OSA) and stored at -20 C until use. Bacteria were cultiLaled in (>AM broth containing Tween 80 0.1 YO with or NIthout odium-glucuronate 0.5% at 37 C for 1 6 4 8 h. Thc suspension5 were washed in cold 0.1 M potassiumpttosphatc butrL'r (pH 6.0) and trcated in the same nianner as faeces
Preparation of B(u)P-bile
Fisher 344 male rats weighing about 250g (Charles River, Japan) were given an oral dose of 25mg benzo-(a)pyrene (Sigma) emulsified in 0.5ml of olive oil three times at intervals of 24 h. Their bile was collected under pentobarbital anaesthesia for 6 h after the last dose. This bile (B(a)P-bile) was sterilised by filtration through a 0-45-pm membrane (Millipore) and stored at -20°C until use. Control bile was prepared in the same manner after administration of vehicle alone.
Murugcnic'ity test
The mutagenicity test of ' Ames et al. (1975) was used to detect an increase in mutagenicity of B(a)P-bile. The test strain, Sulmoncdlu ryphimurium TA98, was grown in Nutrient Broth (Difco) and adjusted to 1 .O x lo9 cfu/ml. After incubating 0-1 ml of B(a)P-bile with 0.1 ml of faecal or bacterial extract with 0.1 ml of 6 0 m~ D-saccharic acid-I , $-lactone (Sigma) in 0.1 M potassium-phosphate buffer (PH 6-0) or 0-1 ml of 0.1 M potassium-phosphate buffer (pH 6-0) at 37 C for 2 h, 0.1 ml of S . typhirnuriunz TA98 suspension (1 .O x lo* cfu) was added to the reaction mixture and incubation was continued for another 20 min. Each incubation mixture was mixed with 2 ml of NaCl0.6% containing agar 0.7% and plated on minimal glucose-agar-medium. Mutagenicity was expressed as the avcrage number of revertant colonies on duplicate plates after growth for 2 days.
Results
Churucterisation of /I-glucuroniduse activity in human Jueces
There were large variations between individuals and from day to day in human faecal 8-glucuronidase activity but all faeces hydrolysed synthetic P-D-glucuronides of both p-nitrophenol and phenolphthalein (figure). When diluted faeces were centrifuged, almost all the activity (85 f 8%, n = 4) was localised in the bacterial pellet fraction. By lim i t di 1 u t ion analysis, fbgl ucuronidase-posi t i ve bacteria were shown to be present at >lOog of faeces (data not shown).
Isolation of B-glucuroniduse-positive bacteria from iIumunjaeces
We screened 964 strains from the dominant bacteria of 33 fresh samples of faeces and isolated 99 /3-glucuronidase-positive bacteria. Ninety-seven strains of these were identified as species af Bucteroides (66 strains), Peptostreptococcus ( 15 strains), Fusohactcrium (7 strains), Propionihacterium (6 strains), Clostridium ( 1 strain), Euhacterium B-Glucuronidase activity in fresh human faeces. Each sample of faeces was diluted with the anaerobic diluent and its activity was assayed with p-nitrophenyl glucuronide (0) and phenolphthalein glucuronide (0). Numbers against subjects indicate that samples were collected from the same subjects on different days.
(1 strain) and Bzjidobacterium (1 strain); two other strains were lost during identification. Fourteen strains with P-glucuronidase activity, were chosen for quantitative assay of activity. Seven strains hydrolysed p-nitrophenyl glucuronide and phenolphthalein glucuronide to the same extent and the other seven hydrolysed p-nitrophenyl glucuronide much more strongly than phenolphthalein glucuronide (table I) .
Mutagenic activation of B(a)P-bile by P-glucuronidase-positive bacteria
The effects of cell-free extracts of P-glucuronidase-positive bacteria on the mutagenicity of B(a)P-bile were examined. Incubation of B(a)P-bile with extracts of faeces produced an increase in mutagenicity that depended on the dose of extract; the increase was completely abolished by heattreatment of the extract (data not shown). However, the mutagenicity of control bile, which was similar to that of untreated B(a)P-bile, remained unchanged after incubation with faeces extract (data not shown). Extracts of P-glucuronidasepositive bacteria produced an increase in the mutagenicity of B(a)P-bile but those of P-glucuronidasenegative bacteria did not (table 11) . Furthermore, 20 mM D-saccharic acid-1, 4-lactone, which completely inhibited P-glucuronidase activity against p-nitrophenyl glucuronide of the bacteria1 extracts, of 10 m v i>-saccharic acid-I. 4-lactone.
* Difierent lu?c of B(a)P-bilts were used in experiment 1 and experiment 2. Mutagenicity was expressed as thc number ol'rccertant colonies formed in the absence ( -) or presence (t ) of 2 0 m~ i~-sacchanc acid-I,
4-lactonc
Purified E, ( olr P-glucuronidase (Sigma. G-35 10) was used inhibited the increase in mutagenicity produced by the extracts of bacteria except for Peptostrepto~m~~u s strains 204 and 952 (table TI) .
Discussion
[j-Glucuronidase activity in faeces has been assayed usually with the synthetic a-D-glucuronides of p-ni trophenol or phenolphthalein because of their availability but it is poorly understood whether this enzyme can hydrolyse native glucuronides excreted in the form of bile into the intestinal tract. Since, on the basis of comparison between germfree and conventional rats (R0d and Midtvedt, 1977 ) and our fractionation analysis, the major origin of intestinal /I-glucuronidase activity is thought t o be intestinal bacteria, we isolated {&gf ucuronidase-posi t ive bacteria from the dominant flora of fresh human faeces. One group of bacteria hydrolysed the two synthetic [I-13-glucuronides to the same extent and the other hydrolysed p-ni trophenyl glucuronide much more strongly than phenolphthalein glucuronide; this activity is similar to that of purified Escherichiu coli [$-glucuronidase (TomaSic and Keglevik, 1973).
Monocontamination of germfree rats with E, coli gave intestinal j3-glucuronidase activity corresponding to that of conventional rats (R0d and Midtvedt, 1977) . However, in the case of human faeces, E. coli is not the major origin of faecal P-glucuronidase activity because faeces hydrolyse phenolphthalein glucuronide as well as p-nitrophenyl glucuronide (figure). The reason for this discrepancy is unclear. Because R0d and Midtvedt ( 1977) used only p-nitrophenyl glucuronide as substrate, it is necessary to compare intestinal P-glucuronidase activity of conventional and E. coli-monocontaminated rats against other substrates. Our results suggest that at least two types of fl-glucuronidases derived from anaerobic bacteria may be responsible for human faecal /I-glucuronidase activity.
It is of particular interest to know whether these bacterial P-glucuronidases can hydrolyse native glucuronides. Although human faeces and several intestinal bacteria are known to hydrolyse the conjugates of benzo(a)pyrene excreted in the bile of rats (Renwick and Drasar, 1976) , the properties of enzymes responsible for the deconjugation have not been investigated. We confirmed that the extracts of 8-glucuronidase-positive bacteria produced an increase in mutagenicity of B(a)P-bile and those of p-glucuronidase-negative bacteria did not but a correlation between the activity against p-nitrophenyl glucuronide and the increase in mutagenicity was not detected. Extracts of faeces and of P-glucuronidase-positive bacteria except for Peptostreptococcus strains 204 and 952 produced an increase in mutagenicity inhibited by D-saccharic acid-1, 4-lactone. Because this reagent completely inhibited P-glucuronidase activity against p-nitrophenyl glucuronide (table 11) and phenolphthalein glucuronide (data not shown) of the extracts of Peptostreptococcus strains 204 and 952, it is unlikely that their mutagenic activity resides in a p-glucuronidase active specifically against phenolphthalein glucuronide. Therefore, we think that involvement of bacterial P-glucuronidases in the mutagenic activation of B(a)P-bile is not uniform and P-glucuronidases from Peptostrepto-
